We determined the average size of excision repair patches in repair of UV lesions in bacteriophage T4 by measuring the photolysis of bromodeoxyuridine incorporated during repair. The average patch was small, approximately four nucleotides long. In control experiments with the denVj excision-deficient mutant, we encountered an artifact, a protein(s) which remained bound to phenol-extracted DNA and prevented nicking by the UV-specific endonucleases of Micrococcus luteus and bacteriophage T4.
Like many other organisms, bacteriophage T4 can remove pyrimidine dimers from its DNA after UV irradiation. Phages which possess this repair pathway are more UV resistant than closely related phages that lack this process (12) . It has been shown that the product of the denV gene initiates excision repair by controlling the single-strand incision near the site of a pyrimidine dimer (8, 29) . Initially, this product was identified as endonuclease V (9, 29) , a UV-specific endonuclease having a molecular weight of approximately 18 ,000 (7) . Recently however, it has been shown that incision of UV-irradiated DNA by the denV gene product proceeds first by cleavage of the glycosylic bond of the 5' pyrimidine of the dimer and then by cleavage of a phosphodiester bond on one side or the other of the newly created apyrimidinic site by an apurinic/apyrimidinic endonuclease (24, 28) . The denV product has been shown to include the glycosylase (24) . This two-step incision process is similar to the incision process of the UVspecific Micrococcus luteus "endonuclease" (11; R. B. Setlow and E. Grist, Abstr. 8th Int. Cong. Photobiol., p. 318, 1980). After incision, the 5'-to-3' exonuclease activity of Escherichia coli polymerase I excises a majority of the dimers (17) . E. coli polymerase I and phage ligase are required for resynthesis and sealing in the repaired region to form viable phage DNA (15) .
Resynthesis of the excised region has been measured in E. coli by incorporating 3H-labeled-5-bromouracil into parental DNA after UV irradiation and then separating the repaired parental DNA from normally replicated DNA by t Present address: Department of Radiology, University of Texas Health Science Center at Dallas, Dallas, TX 75235. equilibrium sedimentation in isopycnic CsCl gradients (5, 6) . This procedure has revealed a heterogenous population of repair regions, with many patches of a few nucleotides under the control of polymerase I and fewer long patches (some longer than 1,500 nucleotides) under the control of the recA and recB genes (5, 6) . Repaired regions containing bromodeoxyuridine (BrdU) can be photolyzed selectively by 313-nm radiation, and this property has been used to measure the average size of repair regions (19) . Ley and Setlow (14) reported that the average patch size in E. coli was between 16 and 24 nucleotides, and Rothman reported that in rec+ strains of E. coli the average patch size was about 10 (21) or 30 (20) nucleotides. Repair patches in UV-irradiated human cells average approximately 100 nucleotides (18) .
We measured the average patch size after excision repair in bacteriophage T4 by using BrdU photolysis. (19) . The number of breaks at any dose is related to the average patch size by the following equation (18): B = N(1 -e`'ad), where B is the number of breaks induced by the photolytic dose, N is the number of repaired sites, n is the average patch size in daltons, a is the photolytic cross-section of BrdU-substituted DNA, and d is the photolytic dose of 313-nm radiation. The photolysis assay measured the number of breaks induced by the photolytic dose. The number of repaired sites was determined by the ESS assay. The photolytic cross-section of BrdUsubstituted DNA was measured in fully substituted td8 phage DNA as 2.7 x 10-l0 breaks per dalton of DNA per Jm-2. The td8 mutation, which blocks the phage-induced thymidylate synthetase, did not increase the photolytic cross-section. The photolytic cross-section for fully substituted td' phage DNA was 4.1 x 10-1O breaks per dalton per Jm-2. The dose of 313-nm radiation was measured at the time of exposure by using the dosimeter described above.
To measure the number of breaks induced by the photolytic dose, 3H-labeled td8 phage and "4C-labeled td8 phage were irradiated with 35 J of 254-nm radiation per m2. Log-phase E. coli BBTrT-cells (4 x 10' cells per ml) were infected with 3H-labeled phage at a multiplicity of infection of 4 to 8 in minimal medium supplemented with BrdU (30 ug/ml) and L-tryptophan. A similar culture was infected with 14C-labeled phage, except that the BrdU was replaced with thymidine. After 20 min of incubation, the cells were mixed, and the DNA was extracted. The purified DNA was irradiated with 313-nm radiation from a watercooled Phillips SP 500W high-pressure mercury arc lamp which was used with a Bausch & Lomb grating monochrometer. At different times during irradiation, samples of DNA containing at least 103 cpm of both 3H and 14C were removed, layered onto 5 to 20% alkaline sucrose gradients, and sedimented as described above. The numbers of breaks per dalton for the 3H-and 14C-labeled DNAs were determined from the gradients as described above. Thin-layer chromatography of dimers. This assay has been described previously (22) . 3H-labeled phage were exposed to 254-nm radiation. A sample of phage was mixed with phenol, and the DNA was extracted and purified. The remaining phage were used to infect log-phase E. coli S/6/5 cells (4 x 108 cells per ml) at a multiplicity of infection of 4 to 8, and after 20 min of incubation the phage DNA was extracted and purified. The DNA was suspended in 5% trichloroacetic acid, and 12.5 jig of salmon sperm DNA was added to each sample. The acid-insoluble precip- arated by one-dimensional thin-layer chromatagraphy as described by Cook and Friedberg (4) . The percentage of radioactivity migrating in the dimer region minus the percentage of radioactivity streaked through the diner region was taken as the percentage of thymine-containing dimers in DNA. RESULTS UV-irradiated parental phage T4 DNA which was repaired in the presence of BrdU was more sensitive to 313-nm radiation than parental DNA which was repaired in the presence of thymidine (Fig. 1) . Labeled and repaired parental DNAs were separated from any unlabeled replicated DNA present by alkaline sucrose sedimentation. Figure 1A shows that parental DNA extracted 20 min after infection from an incubation in the presence of BrdU and DNA extracted after infection in the presence of thymidine had very similar profiles in alkaline sucrose gradients. Figure 1B shows these profiles after treatment with 2 x 105 J of 313-nm radiation per In2. The BrdU-substituted DNA contained more breaks and had a smaller number average molecular weight than unsubstituted DNA. In Photolysis by 313-nm radiation of denV+ DNA repaired in the presence of BrdU. 3H-labeled and "C-labeled td8phage were irradiated with 35 Jof254-nm radiation per i2. E. coli BBTrT-was infected with 3H-labeledphage in the presence of30 pg ofBrdUper ml, and a similar culture was infected with "C-labeled phage, except that 30 pg of thymidine per ml was substituted for the BrdU. After 20 Figure 4 shows the loss of ESS with time in excision-proficient phage. Excision repair was substantially complete 20 min after infection.
We measured the loss of ESS in the phage 0.
-. . . BrdU- substituted DNA (Fig. 1) , we could calculate from the equation B = N(1 -e-&Od) the average patch size (see above). The result was that n = 1,300 daltons, or an average patch size of about four nucleotides.
The loss of ESS in UV-irradiated denVi mutants was measured as a control (Fig. 5) Figure 6 shows the results for denV+ phage. In the experiment shown in Fig. 6A , unirradiated phage DNA sedimented to the bottom, whereas DNA treated with 100 J of 254-nm radiation per m2 still contained some ESS and was broken down by the M. luteus endonuclease. Treatment with proteinase K did not alter the sedimentation profiles significantly (Fig. 6B) . However, proteinase K treatment of denVi DNA significantly increased the number of ESS detected by M. luteus endonuclease (Fig. 7) . UV-irradiated DNA was barely cut by the endonuclease in the absence of proteinase K treatment (Fig. 7A ) but was greatly reduced in size when the endonuclease treatment was preceded by proteinase K treatment (Fig. 7B) . The appearance of proteins in denV, infections which bound tightly to DNA and did not nick UV-irradiated DNA but did block the activity of UV endonucleases suggested that the missense denV, gene product might have been responsible for these observations. We tested this hypothesis by a reconstruction experiment (Fig. 8) . In the experiment shown in Fig. 8A , DNA that was UV irradiated in vitro was mixed with unirradiated DNA, treated with M. luteus endonuclease, and sedimented in an alkaline sucrose gradient. The irradiated DNA was nicked by the endonuclease and sedimented closer to the top of the gradient than unirradiated DNA. In the experiment shown in Fig.  8B , the same DNA was treated with T4 endonuclease V, and the results were similar. In the experiment shown in Fig. 8C , the same DNA was treated with an extract of denVi infected cells that was prepared in the same manner as T4 endonuclease V. This preparation from cells lacking T4 endonuclease V activity failed to nick UV-irradiated DNA. In the experiment shown in Fig. 8D , the same DNA was treated first with the extract from denVi-infected cells for 30 min at 370C, and then T4 endonuclease V was added for another 30 min at 370C. Pretreatment with the denVi extract did not inhibit the T4 endonuclease V from nicking irradiated DNA. Other sources of proteins in E. coli which bind selectively to UV-irradiated DNA are the products of the uvrA and uvrB genes, which are involved in E. coli UV endonuclease (10) . Although the nicking activity of this endonuclease is absent in T4 infections (27) , the protein may be present and may result in the observed artifacts. Table 3 shows the results of denVi infections in wild-type, uvrA-, and uvrB-hosts. The host incision capacity did not influence the observed disappearance of ESS from denV, DNA.
DISCUSSION
The photolysis of BrdU incorporated during excision repair of UV lesions allowed us to determine the average patch size. For phage T4 the average patch is 1,300 daltons or about four nucleotides. Based on our current model of the incision step, this appears to be close to the minimum of a two-nucleotide patch. The glycosylase and apurinic/apyrimidinic endonuclease activities leave one apurinic/apyrimidinic site and a second site containing the pyrimidine dimer. Therefore, on the average, about two additional nucleotides are removed. This economy in excision and resynthesis may account for the This artifact in the ESS assay of denV, mutants is probably not due to the denV1 missense gene product. Extracts from denV, infections failed to inhibit in vitro nicking by T4 endonuclease V. However, the preparation of the extract depends on release of the denVi gene product from sonicated cells (30) . Although this occurs with the wild-type denV gene product, whether the missense protein is present in the extract is uncertain. Seawell et al. (23) have developed a filter-binding assay which relies on the binding of wild-type endonuclease V in crude extracts from infected cells to UV-irradiated DNA at 00C. These authors reported that crude extracts of denVi-infected cells prepared by lysozyme digestion did not contain proteins which bound to UV-irradiated DNA at 00C. This finding supports the conclusion that the artifact probably does not arise from binding by the denV, missense protein. The DNA-binding proteins are also probably not the products of the uvrA and uvrB genes. The endonuclease activity of the products of these genes is inactivated by phage T4 soon after infection, even if the infecting phage is denV- (27) . Despite the inactivation of the endonuclease, it is possible that the proteins can still bind to UV-irradiated DNA. In E. coli strains AB1885 (uvrB-) and AB1886 (uvrA-) the uvrA and uvrB gene products do not bind to UV-irradiated DNA (25) . Nevertheless, these mutants had no significant effect on the observed disappearance of ESS in denVi infections.
The origin of the protein(s) that produces the artifact in the ESS assay with denV, infections remains unknown. However, we have an isolation procedure for this protein component, and studies on its source and nature will be conducted. The presence of the artifact emphasizes that enzymatic assays require careful preparation of substrates and caution in the interpretation of results. 
